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Equivalent - circuit model

physically based

Includes dependence uponDC bias & frequency
often includes device size dependence

weakness : necessary simplified, hence some errors

2 - Port Model
matrix of tabular data
need one model for each bias point,each frequency
huge data sets required.
medium for both (a) measured data and (b) E/M simulation data

2 - port methods also useful for general network theory.
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HBT equivalent-circuit model
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T, =17, +7, R I\ C,, R
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g.=90.6 "% 0<y<1 (typically~ 0.8) Cbe,diff =g.1, Cje $ Rex
E

We will cover this in more detail soon
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Box might contain : a transistor, a passiveelement, a subcircuit

The terminal characteristics relate the variables V,,V,, 1, ,and I,.
There are 2 degrees of freedom.

Any twovariables can be set as the* independent variables*.
The remaining two variables, the* dependent variables™,
can then be writtenas functions of the independent variables.
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s Frequency - domain description :
po po | |
2 7, v, (t) = Rej,e*} i (t) = Re{l,e’}, etc.

— &

|:|1(ja)):|:|:Y11(ja)) le(ja)):||:vl(ja)):|
L,(Jo) | [Ya(lo) Yy(Jo)|V,(]jo)

Currents are writtenas functions of voltages.
DC bias is taken as implicit.
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Admittance Parameters Example: Simple FET Model
|

: G,
r + :+V § + |2 Y21 Y22 V2

\1
|
oS
=\
(<)

By inspection:

Jo(Cy +Cy)  —1aCy
Y=l Ciecs Gyt jac
gm J gd ds+J gd
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v, v,
- l - \oltages are writtenas functions of currents.
(o O
Example
L 5 » 1, Bylinspection:
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2 R3 R2 + R3

o o easy'



Hybrid Parameters: 0ld and Ohscure

j—porﬂ port 2 _j |:V1:|:|:h11 h12:||:|1:|
Vl Vz I2 h21 h22 V2

This is certainly an odd choice of independent variables.
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Hyhrid Parameter Example: Simple BJT Model
|

11 Cbe R/) ‘e gm Vbe Rce 12
= = {Vl} _ {hﬂ
* gy § 7 § i I2 h21
v, () v,
o o note: g.V,. = AV,./ R.=/fl,
By inspection:
1/R 1 |wC 0
— be + J be
H = 1 1
| 1+ ja)Rbere Rce a

This s related toshort - circuit current gain.
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. : | |
short - circuit current gain =2 =-%
Il V,=0 1 loutputshort-circuited.
——0
' port 1 port 2 [ [) , Iout h
mn ou —_ 21
outputshort-circuited

Iin
‘ )

f. =frequency at which|h,,| *extrapolates*to1l.

=""short - circuit current - gain cutoff frequency".

For the highly simplified model on the prior page, if g >>1,
f =g.,/22C,..
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S - parameters are rigorously defined in terms of the wave
amp litudes on transmission lines connected to the device under test :

{bf _ {SM Sﬂ{ﬂ
b2_ SZl S22 a2
...where thea'sand b's are the wave amp litudes.

a=V"/,JZ,andb=V"/,/Z,
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We can also write

Vl_ :|:Sll S12:| V1+
VZ_ S21 S22 \/2+

"+" waves travel towardsthe 2 - port;"-" waves travel away.



De-Mystifying S-Parameters

Vi appor i I <anr Vo

V) <t APA> V)

see f ot 1 ) Vl— _ Sll 812 1+
Vl port 2 P VZ_ 821 822 2+

Atportl, V, =V, +V, and 1, =V, -V, )/Z,

N+ ©

Atport2, V, =V, +V, and I, ={," -V, )/Z,

If we know therelationship between|[I,,1,]and [V,,V,]:

(Y or Z parameters),

we can calculate the relationship between [V,",V, Jand [V, ,V, ]:
(S parameters).
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How to Compute S-parameters quickly: ,,

,l, 4
V1 app r, [, eV
Vi <t : AR I/
eoe o port 1 o
+
S +
V Z
) / port 2 Ifz L

If Z, =Z, thenT[ =0, henceV, =0

V)
V, =0 1

as the inputimpedance given Z, = Z,,

Now S, , = VL+
1

ZL:ZO

Defining Z,,

Nz =z,
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Notingthat S, =

Notethat reflection coefficient (S,,) Is a method
of specifyinginputimpedance.

Sii | _ reflection coefficien t
IS the iInput _
Zinly 2, impedance

reflection coefficien t} _ { 0 }

given that theload{ _
Impedance
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The same analysis & comments clearly appliestoS,,.

VA

out Z gen=Zo 4“0

+Z,

By symmetry, S,, =

Out‘denzzo
Notethat reflection coefficient (S,,) Is a method
of specificy ing outputimpedance.

Sy, _ reflection coefficien t
- IS the output

outlz,, -z, Impedance

reflection coefficien t} _ { 0 }

given that thegenerator { _ IS
Impedance

Z,|



Computing $11: Example

4Q
o O
Given Z, =50Q, whatis S, ?
o, O
5|f1 {0 Z,| =540
O Q L—%0
<$50Q
Z. —7Z _

] | SO Sll _ Z,=2Z, 0 . 54Q SOQ . 4

+Z, 540+50Q 104

injz =z,

by similar arguments, S,, =4/104
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Computing $21

VVj%» I ;, ey
| <AAP AR
Set : den — ZL — ZO _den ? port 1 T ?
y L N AP
@ gen _ / port 2 _2 L
GivenZ . =Z,wehavel; =0and T, =Z /(Z,+Z,) =1/2,

henceV," =TV, + [V, =V, 2.

sY gen

GivenZ, =Z,wehavel, =0, henceV,_, =V, =V, +V, =V,

VZ_
V1+

vy
Vl+

Vv

out

Z =2y (\/gen/Z) 2, =Ly=L V

2V

out

V, =0 Z =2, gen 2, =Ly=Lyen



Relating amplifier Gains to S-parameters..$21

Z()
1
% : 1 A
—f L/l g f (
a, % % - - a2—> =
b " b

These relationshipsallow us todevelop a simpler way of
finding theS - parameters :

\"/
_ t
821— 2_ou
\"

gen

denerato =Zad=Zo

.which is simply **how much bigger * thesignal became
upon*insertion*of theamplifier in the50 Ohm system.
S,, Is called the*insertion gain *.
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| [ RL=Z0
I\

Rg_en,\;\%\c: Vin I ( é I\/l % %
% . = Vgen

By symmetry
S1p =2 kL
Vgen

denerator:ZIoad =Z,
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Relating amplifier Gains to S-parameters...311 aml 322

Vout
RL=Zo

&
< g
@ 5
FWM
g p¥
|||—7--Y
g a Wl
A
A

Zin Zout

S11and S22 can be directly related to input and outputimpedances

_ (Zin /ZO)_l
" (2, 1Z0)+1

,WhereZ, =7

ZIoad :ZO

22 — ( OUt/Z ) Where Zout = Zout
(Z2,,1Z,)+1

...In practice, we do not need to pluginto the formulas : knowing the Z.

out denerator:ZO

tells us the S, ,, becuase the formula is one - to-one and is neatly represented
by theSmith chart
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Relating amplifier Gains to S-parameters..S11 aml $22

—~~

N
N4
nw
2,12,)-1
S, = (2412, ,whereZ, =Z.
(Zin12Z4)+1 Zors=Zo freq (1.000GHz to 100.0GH?z)

ut

Zou! Zo)~1 ,whereZ, . =7,
/1Z,)+1

(ZOUI
we do not need to pluginto the formulas : the Smith

chart is a plotof this formula, so the Smith chart plots
S;and Z;, at thesame time

deneratorzzo



RL=Z0

Rgen=Z0 \/in Cin
é—;ﬁ) gmVin
Cgen
B 2gmzo
S21 — 1+ i
+ Ja)CinZo
h= (Z4/2y) -1 ,whereZ_ =1/ jaC.
(z..1Z,)+1
S,, = (Zow! Z) =1 ,where Z_ . = infinity
(Zout/ZO)+1
S, =0

...easy !l



Rgen=Z0 v/in RL=Z0
1
C
L
Vgen L
z |1
s - JoC) o 1
* 1 ¥ 1+ jeCZ,/2
L,+| Z, j

Z,)-1  jaCZ,/2
/z )+l 1+ jwCZ,/2

L
jaC

,WhereZ, = [ZO
S = ,whereZ_.=|Z |——
22 ( ) out [ 0 l )

(Z out/ Z,)+1 joC

..thisillustrates theimportanceof “Z; |, _, “,etc
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Why do we care ahout impedances matched to 90 Ohms?

Port TLIN —
P1 21ar|FBA TL1 )I.);ﬂFBA P2
Num=1 Z=50.0 Ohm -
E=360
F=10 GHz 32 : r
N
3 ..f\/\./‘\f\f\ Y \11 “\ fl\l |
30__ J I\! , f\ !\ h
: WL
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o ||
26- \f | |
y
] ’ H
25 }
: v
243 -
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freq, GHz

Standing waves on transmission lines cause gain/phase

ripplesof the form (1-T, I, exp(—j2fz)) ™. Either we
must have short transmission lines, or the lines must be

well - terminated



